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Recent advances in functional imaging of human brain activity in stroke patients, e.g., functional magnetic resonance imaging, have
revealed that cortical hemisphere contralateral to the infarction plays an important role in the recovery process. However, underlying
mechanisms occurring in contralateral hemisphere during functional recovery have not been elucidated. We experimentally induced a
complete infarction of somatosensory cortex in right hemisphere of mice and examined the neuronal changes in contralateral (left)
somatosensory cortex during recovery. Both basal and ipsilateral somatosensory stimuli-evoked neuronal activity in left (intact) hemi-
sphere transiently increased 2 d after stroke, followed by an increase in the turnover rate of usually stable mushroom-type synaptic spines
at 1 week, observed by using two-photon imaging in vivo. At 4 weeks after stroke, when functional recovery had occurred, a new pattern
of electrical circuit activity in response to somatosensory stimuli was established in intact ipsilateral hemisphere. Thus, the left somato-
sensory cortex can compensate for the loss of the right somatosensory cortex by remodeling neuronal circuits and establishing new
sensory processing. This finding could contribute to establish the effective clinical treatments targeted on the intact hemisphere
for the recovery of impaired functions and to achieve better quality of life of patients.

Introduction
Survivors of focal brain ischemia need chronic care for recovery
and/or compensation of the impaired functions, such as speech
and various sensory and motor functions that had been operated
by the focal ischemic core. Recent advances in functional imaging
of human brain activity in stroke patients, e.g., positron emission
tomographic and functional magnetic resonance imaging, reveal
that cortical hemisphere contralateral to the infarction plays an
important role in this recovery process (Calautti and Baron,
2003; Bütefisch et al., 2006; Crosson et al., 2007; Ward, 2007).
Reorganization of the activity to the nondominant right-
hemisphere homolog of Wernicke’s area has been reported in the

process of recovery from aphasia (Weiller et al., 1995). There is
also clinical evidence showing that the postischemic reorganiza-
tion occurring in somatosensory system of the contralesional (in-
tact) hemisphere plays an important role for compensation for
impaired functions (Chollet et al., 1991; Cao et al., 1998). During
recovery from the stroke, hand finger tapping activates ipsi-
lateral somatosensory cortex (SSC) unaffected (Cramer et al.,
1997). Thus, the underlying mechanism of this compensation
occurring in the intact hemisphere is important for optimiz-
ing the functional recovery of human stroke patients (Calautti
and Baron, 2003).

Also in animal models of stroke, experimental infarctions at
unilateral SSC and motor cortex result in functional and struc-
tural changes in the remaining intact hemisphere. Infarction in
the SSC changes the receptive field at the contralateral SSC at 1
week (1W) after stroke (Reinecke et al., 2003). After the recovery
of motor function impaired by cerebral infarction, the topo-
graphic map is reorganized and the dendritic branching of layer
V pyramidal neurons is increased in contralateral motor cortex
(Gonzalez et al., 2004), which is enhanced by early onset of reha-
bilitative tasks in mice (Biernaskie et al., 2004). These results
suggest that the change of neuronal circuits could be introduced
in contralateral hemisphere to the infarction during the func-
tional recovery.

In addition to increased evidence of the contribution of con-
tralateral (intact) hemisphere to functional recovery after stroke,
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however, the neuronal and circuit’s remodeling occurring in the
intact hemisphere is less understood. Recent intense studies using
in vivo two-photon laser microscopy have revealed the neuronal
circuits remodeling, e.g., spine turnover (Brown et al., 2007) and
glial contribution to synapse remodeling (Wake et al., 2009) in
the damaged hemisphere. Therefore, this technique will also con-
tribute to understanding of the change in contralateral (intact)
hemisphere to the infarction during the functional recovery.

Here, we show the remodeling of neuronal circuits and so-
matosensory processing occurring in the contralateral (intact)
SSC during the functional recovery in mice receiving cerebral
ischemic infarction.

Materials and Methods
This study was approved by the Animal Research Committee of the
National Institutes of Natural Sciences. All efforts were made to mini-
mize the suffering and number of animals used in this study. More de-
tailed information can be found in the supplemental Methods (available
at www.jneurosci.org as supplemental material).

Photothrombosis. Photoactivation of Rose Bengal solution induces
clotting and thrombosis. To photoactivate the right SSC (1–3 mm lateral
and �1.5 to 1 mm anterior to bregma), a 2 � 2 mm region of skull was
thinned to 50% of original thickness using a high-speed drill. Mice were
given an injection of 2% (w/v) solution of Rose Bengal (16 mg/kg, i.v.)
in 0.9% NaCl. To initiate photoactivation, the thinned region of the
skull was illuminated with a mercury lamp of green light (530 –550
nm, 17 mW; focused with 4� objective lens, numerical aperture 0.13)
for 15 min.

Autoradiography. Autoradiography using 18F-fluorodeoxyglucose
(FDG) uptake was measured in control, sham-operated, and stroke mice
(2 d, 1 week, and 4 weeks after induction of infarction). The standardized

glucose uptake value (SUV) was calculated, which is a decay-corrected
measurement of average radioactivity per unit volume of tissue.

Electrophysiology. Cortical field potential (CFP) was induced by four-
limb vibrotactile stimulation (100 ms, 140 Hz) using a custom-made
mechanical limb manipulator incorporating a vibration motor. The CFP
was recorded using sharpened tungsten electrodes (125 �m diameter),
amplified (ER-91, NeuroData), bandpass filtered (1–10 kHz), and sent to
an analog-to-digital converter (PowerLab/4ST). The electrode was ori-
entated in the coronal plane with a 15–20° lateral angle.

Behavioral tests. Control somatosensory function and recovery of
function following the infarct were measured using tape test and von Frey
test. Preoperated control in each mouse was obtained 3 d before surgery/
stroke, and mice were then retested at 2 d and 1, 2, and 4 weeks after
surgery. CNQX was injected 2 weeks after surgery for both sham-
operated and infarcted mice.

Spine imaging and structural analysis. To avoid possible changes to
dendritic structure induced by opening the skull, in vivo two-photon
images of the dendrites were taken using the thinned-skull imaging
window.

Results
We first measured the effect of a cerebral infarction of the right
SSC on the basal activity of the left SSC in resting conscious mice
using radiolabeled glucose ( 18F-FDG) uptake and autoradiogra-
phy (supplemental data, available at www.jneurosci.org as sup-
plemental material; Fig. 1A). As shown in Figure 1, B and C, SUV
of the left hemisphere significantly increased (F(4,26) � 14.46; p �
0.001 by Holm test) compared with the sham-operated (0.62 �
0.03 MBq/g) and control (0.71 � 0.13 MBq/g) mice at 2 d after
stroke (1.92 � 0.14 MBq/g; compared with control, t(10) � 5.97,
p � 0.000003; compared with sham, t(8) � 5.73, p � 0.000005)

Figure 1. Neuronal activity in the left hemisphere SSC was increased during the first week following an infarct in the right SSC. A, Schematic description of the experimental protocol used for
autoradiography (see supplemental Methods, available at www.jneurosci.org as supplemental material). B, Typical images of the TTC stain and imaging plate (IP) of brain slices. The autoradiog-
raphy counts from the left SSC in IP images were expressed as SUV. C, Graph showing the SUV of control, sham-operated, and 2 d, 1W, and 4W mice after stroke. The SUV was significantly increased
at 2 d and 1W. Statistical comparison was performed by Holm test. D, Typical averaged CFPs recorded in the left SSC in control, sham, and 3 d, 1W, and 4W mice. The gray lines represent the CFP
induced by stimulation of the right limbs and the red lines represent that of the left limb (the average of 5–15 traces). E, Graph showing the averaged relative CFP slope (left/right limb CFP) in each
mouse. The relative slope was significantly increased in mice at first week after stroke. Statistical comparison was performed by Bonferroni test. *� � 0.05; **� � 0.01.
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and 1W after stroke (1.22 � 0.18 MBq/g; compared with control,
t(12) � 2.73, p � 0.0011; compared with sham, t(10) � 2.82, p �
0.0009). At 4W after the stroke, the SUV had returned to control
levels (0.69 � 0.09 MBq/g).

As a more specific measure of neuronal activity, we measured
the cortical field potential in the (intact) left SSC in vivo evoked by
vibrotactile stimulation of the right (contralateral: common sen-
sory processing pathway) or left (ipsilateral, uncommon path-
way) limbs. The field potential reflects the summed discharge of
postsynaptic neurons activated by the stimulus and was quanti-
fied by measuring its slope, which is highly correlated with peak
amplitude (Lomo, 1971). As shown in Figure 1D and supplemen-
tal Figure S1 (available at www.jneurosci.org as supplemental
material), the stimulation of the contralateral (right) limbs
evoked a larger response in the left SSC than that evoked by
stimulation of the ipsilateral (left) limb with lower failure rate
even in stroke mice (CFP: F(1,96) � 98.86; p � 0.0001; failure rate:
F(1,96) � 92.86; p � 0.0001 by two-way ANOVA). However at 2–3
d and 1W after a cerebral infarct in the right SSC, the relative
slope of the ipsilateral response became significantly larger than
observed in control and sham-operated mice (Fig. 1E; supple-
mental Table S2, available at www.jneurosci.org as supplemental
material) (F(4,48) � 4.82; p � 0.002 by Bonferroni test).

Therefore a focal cortical infarction results in a rapid and
transient increase both in the basal activity of the intact contralat-
eral cortex and in the relative response to ipsilateral somatosen-
sory stimulation, suggesting that the sensory response was now
being more represented in the ipsilateral SSC.

We next investigated any structural rearrangements in neu-
rons that may accompany the changes in the neuronal activity in
the (intact) left SSC using high-resolution in vivo two-photon
imaging. The turnover rate of mushroom-type spines in the den-
drites of the pyramidal neurons in the intact left cortex increased
at 1W following an infarct to the right SSC (Fig. 2; supplemental
Fig. S2 and Methods, available at www.jneurosci.org as supple-

mental material). Mushroom spines are stable structures (Grut-
zendler et al., 2002; Trachtenberg et al., 2002) in the noninjured
brain, and the incidences of formation and loss of mushroom
spines during 6 h (i.e., turnover rate) in the left SSC of control or
sham mice were both �1% of the total spines observed (Fig. 2B).
A similar turnover rate of mushroom spines was seen at 3 d, 2W,
and 4W after right SSC stroke (Fig. 2B; supplemental Table S3,
available at www.jneurosci.org as supplemental material). How-
ever, at 1W, there was a significant increase (gain: F(5,30) � 5.29;
p � 0.0013; loss: F(5,30) � 6.91; p � 0.0002 by Bonferroni test) in
mushroom spine turnover rate (Fig. 2B; supplemental Table S3,
available at www.jneurosci.org as supplemental material) (gain:
2.45 � 0.35%, compared with control, t(10) � 3.61, p � 0.0011;
compared with sham, t(10) � 4.05, p � 0.0003; loss: �2.50 �
0.47%, compared with control, t(10) � 4.75, p � 0.00005; com-
pared with sham, t(10) � 4.79; p � 0.00004). In contrast, an
infarction introduced in the visual cortex of the right hemisphere
had no effect on the turnover rate of mushroom spines in the left
SSC, even at 1W (Fig. 2; supplemental Table S3, available at www.
jneurosci.org as supplemental material). These results indicate a
transient plasticity of dendritic spines occurring at homologous
areas of intact hemisphere during a limited period following ce-
rebral infarction.

The above results indicate the plasticity at the level of individ-
ual neurons and synapses. To examine whether there is an asso-
ciated plasticity of the neuronal circuits in the left hemisphere
SSC following a stroke in the right hemisphere SSC, we used the
technique of current source density (CSD) measurements from
the surface of the cortex through to a depth of �700 �m (current
sink/source) (see supplemental Fig. S4 and Methods, available at
www.jneurosci.org as supplemental material). As shown for the
averaged CSD maps in Fig. 3B, tactile stimulation of the right
(contralateral) limbs induced a specific pattern of sinks/source in
the left SSC of control/sham-operated mice and mice with an
infarction of the right SSC (Fig. 3B). Stimulation of the left (ipsi-

Figure 2. Turnover rate of mushroom spines in the left hemisphere SSC was specifically increased at 1 week after infarction in the right SSC. A, Typical in vivo images of dendritic spines in the left
SSC taken during the first and second imaging sessions (6 h later) in control mice. The arrows in the upper panels show the appearance of a new spine (gained spine), while the arrowheads in the
lower panels indicate a spine that was lost. Scale bars, 10 �m. The insets show higher-magnitude images (scale bars, 2 �m). B, Plot of the percentage of mushroom spines that were gained (upper
panel) and lost (lower panel) in each mouse during the 6 h between imaging sessions. Note that significantly greater gain and loss of spines was observed at 1W. An infarction in the right visual cortex
did not change the turnover rate of mushroom spines in the left SSC. Small open and closed circles or squares represent data from each mouse (n � 6), while the larger circles and squares represent
the averaged data. Error bars represent �SEM. n.s. indicates not significantly different compared with both control and sham by Bonferroni test.
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lateral) limbs in control and sham mice did not induce such a
distinct CSD map in the left SSC (Fig. 3A). In contrast, mice with
a stroke induced in the right SSC showed a distinct CSD pattern
in the left SSC in response to sensory stimulation of the left (ip-
silateral) limbs (Fig. 3A). The region corresponding to the sink of
the CSD (Fig. 3A, arrowheads) gradually shifted to deeper corti-
cal areas at 2–3 d and 1W after stroke. At 4W after stroke, a time
when functional recovery is apparent (see below), the CSD map
in response to left limb stimulation was similar in spatial distri-
bution to that induced by right limb stimulation, but was delayed
in its latency (Fig. 3, dashed circle). This result indicates that the
infarction in right SSC has induced new neuronal circuit activity
in the left SSC in response to stimulation of the left limbs.

To correlate the above changes in neuronal activity and struc-
ture to any functional consequences, we examined the responses
of both the right (ipsilateral) and left (contralateral) paws using
“tape test” and the withdrawal response to application of differ-
ent tensions to the hindlimb using von Frey hairs (see supple-
mental Methods, available at www.jneurosci.org as supplemental
material). An infarction in the right SSC resulted in an initial decline
in somatosensory function in response to tape test (F(9,90) � 2.97,
p � 0.004) and von Frey test (F(9,90) � 11.99; p � 0.001) applied to
the left (contralateral) paws, without disrupting sensory re-
sponses arising from the right (ipsilateral) paws (Fig. 4A,B,E,F;
see also supplemental Tables S4, S5, available at www.jneurosci.
org as supplemental material). This somatosensory dysfunction
was evident at 2 d before subsequent functional recovery. At no
stage was motor function evident for either the right or left side
limbs (Fig. 4C,D). To examine the contribution of the (intact) left

SSC to the functional recovery, we injected CNQX, a potent an-
tagonist of AMPA/kainate-type glutamate receptors (Honoré et
al., 1988), into the left cortical hemisphere in sham and stroke
mice. CNQX impaired sensory responses to von Frey hairs ap-
plied to the right paw in both sham (F(5,24) � 7.16; p � 0.0003)
and infarct (F(5,30) � 9.46; p � 0.0001) mice (Fig. 4H). CNQX
significantly (F(5,30) � 7.38; p � 0.0001) impaired sensory re-
sponses applied to the left (ipsilateral) paw only in mice with right
hemisphere infarction, but not in the sham-operated mice (Fig.
4G). These results reveal that when the right hemisphere is in-
farcted, sensory responses from the left paw become processed in
the intact left (ipsilateral) SSC.

Discussion
In the present study, the increase in basal neuronal activity and
the amplitude of electrical responses to ipsilateral peripheral
stimulation in intact SSC (left) was apparent at 2–3 d after the
experimental infarction of the right SSC (Fig. 1). The stroke-
related changes, e.g., prolonged EPSPs (Luhmann et al., 1995;
Neumann-Haefelin et al., 1995) and a decrease in GABAergic
inhibition (Schiene et al., 1996; Que et al., 1999), promote the
circuit’s excitability and facilitate the induction of synaptic plas-
ticity, resulting in producing long-lasting alterations in the net-
work properties of adjacent and connected cortical regions to the
damaged area (Carmichael, 2003). Indeed, the brain activity, es-
pecially the contralateral SSC, was increased in the first week after
stroke (Fig. 1).

At a structural level, the focal infarction produced a transient
and region-specific increase in turnover of mushroom-type den-

Figure 3. A focal infarction in the right SSC induced the appearance of new neuronal circuits in the left SSC. A, B, CSD maps of responses in the left SSC in response to stimulation of the left limbs
(A) or right limbs (B). CSD measurements were obtained between 0 and 700 �m from the brain surface. The dashed circles represent the spatial and temporal distribution of the strongest sink and
sources of the CSD. The strong neuronal circuit responses to right limb (contralateral) stimulation were observed through the entire period of recovery. The strong responses in control and sham mice
to left limb (ipsilateral) stimulation were not apparent. Note that the development of neuronal circuit activity in response to left limb stimulation in stroke mice became particularly distinct at 4W.
The CSD pattern generated was similar in spatial distribution to the response to right limb stimulation, but with an increased latency.
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dritic spines in the left SSC, as it was not observed in response to
a focal infarction to the right hemisphere visual cortex (Fig. 2).
Previously reported, the turnover of mushroom spine, especially
the gain of spine, was continuously enhanced in peri-infarction
area for 6 weeks following the acute loss of the spine (Brown et al.,
2007; Zhang and Murphy, 2007). In this study, interestingly, the
turnover rate (gain/loss) was significantly increased only at 1
week after stroke (Fig. 2B). However, the number of mushroom
spines (density of mushroom spine) appeared unchanged (sup-
plemental Table S3, available at www.jneurosci.org as supple-
mental material) because the number of gain and loss was
approximately similar. These results suggested that the mecha-
nism of recovery from stroke is different between peri-infarction
area and contralateral (intact) area.

In the intact brain, mushroom spines are very stable neuronal
structures, being maintained for more than a month or even for a

year (Grutzendler et al., 2002; Trachten-
berg et al., 2002). Mushroom spines along
a dendrite are induced by focal and repet-
itive activation of excitatory inputs during
the induction of long-term potentiation
of synaptic transmission (Engert and
Bonhoeffer, 1999; Maletic-Savatic et al.,
1999; Matsuzaki et al., 2004). Thus, a loss
of mushroom spine stability (Fig. 2)
might be induced by continuous increases
of basal neuronal activity (Fig. 1B,C) and
the afferent activity conducting sensory
information from ipsilateral periphery
(Fig. 1D,E). The transient increase of this
plasticity suggests a critical period of neu-
ronal remodeling following stroke, during
which there is a loss of stability and in-
crease of circuit remodeling. This plastic-
ity may result in the establishment of new
neuronal circuits in the intact SSC and
modulate the basal brain activity. Func-
tional change of silent synapses might also
contribute to the achievement of new
functional circuits after stroke (Kerchner
and Nicoll, 2008).

We showed that novel neuronal cir-
cuits mediating the response to sensory
stimulation of the left (ipsilateral) limbs
developed in the left (intact) SSC over the
first weeks after focal infarction and be-
came established by 4W by using CSD
analysis technique (Fig. 3). CSD analysis
provides a functional mapping of neuro-
nal circuit activity (Haberly and Shepherd,
1973; Nicholson and Freeman, 1975;
Chapman et al., 1998) with a higher tem-
poral resolution of electrical circuits’
events (Mitzdorf, 1985) as well as their
spatial distribution (see also supplemental
Fig. S4, available at www.jneurosci.org as
supplemental material). This time course
of the gradual appearance of this sink/
source pattern is compatible with that of
the recovery of the behavioral responses
to sensory stimulation applied to the ipsi-
lateral limbs (Fig. 4). These results sug-
gested the possibility that the transient

increase of turnover (�1 week after stroke) (Fig. 2) induced the
remodeling of the neuronal circuit in intact hemisphere. This
change gradually enables the neuronal circuit to process the bi-
lateral somatosensory information (between 1 and 4 weeks after
stroke) (Fig. 3), resulting in long-lasting functional recovery (Fig.
4; see also supplemental Fig. S5, available at www.jneurosci.org as
supplemental material).

In conclusion, we observed a critical period of structural plas-
ticity within intact hemisphere that preceded the establishment
of new neuronal circuits that are likely to mediate this functional
compensation. An early onset of rehabilitation following strokes
is critical for functional recovery both in clinical and experimen-
tal study (Johansson, 2000; Biernaskie et al., 2004; Ludlow et al.,
2008) as well as the spine plasticity (Johansson and Belichenko,
2002). Our data suggest that effective treatment protocols occur-
ring within this critical period (�1 week after stroke) may most

Figure 4. Behavioral tests reveal a recovery of somatosensory function by 1 week after stroke. A–D, Responses to the “tape test”
indicate the ability to detect (Sense) and respond (Motor) to the sensory stimulus. A, B, Sensory responses to stimulation of the left
limbs (A) were impaired at 2 d, but recovered to those before stroke (Pre) by 1– 4W. The sensory response to right limb stimulation
(B) was unaffected by the infarct to the right SSC. C, D, Motor function (see supplemental Methods, available at www.jneurosci.org
as supplemental material) was not affected by infarction in the SSC. E, F, The von Frey hair test also revealed a selective decrease in
response to stimulation of the left limb, which recovered to the control levels by 2– 4W. G, H, Injection of CNQX into the left (intact)
hemisphere resulted in a loss of sensory function in response to left limb stimulation at 2W only in stroke mice (G). The response to
right limb (contralateral) stimulation (H ) was impaired by CNQX both in stroke and sham mice. The injection of vehicle did not
affect sensory function. Thus, the left SSC can process bilateral sensory information following infarction of the right SSC. Statistical
comparison was performed by Bonferroni test.
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efficiently induce remodeling of neuronal circuits and enhance
functional recovery.
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